INTRODUCTION
Owing in part to widespread concern for the conservation of shorebirds (Pitelka 1979 Bristle-thighed Curlews (Numenius tahitiensis) breed in remote tundra habitats in western Alaska and winter on small islands in the tropical and subtropical Pacific Ocean. No more than 7,000 individuals are thought to breed in Alaska (Gill and Redmond 1992) . They are the only migratory shorebirds that winter exclusively on oceanic islands, which they reach by non-stop flights of at least 4,000 km (assuming they do not land on the ocean; see Evans and Davidson 1990 ). Thus, they are ideal subjects for testing flight range models because minimum non-stop flight distances are known for some individuals.
Wintering on islands that historically were predator-free, Bristle-thighed Curlews have high annual survivorship and have evolved a rapid prebasic molt during which about 50% of the adults becomes flightless (Marks 1992 (Marks , 1993 . Consequently, disturbance on the wintering grounds (e.g., harvest by humans and losses to introduced predators) could have disastrous effects on their numbers (Marks et al. 1990) . A thorough understanding of their migration system and knowledge of major wintering and stopover areas are essential to conservation efforts for this rare shorebird.
Based on observations of uniquely marked, known-age individuals, we studied timing of migration and migratory behavior of Bristle-thighed Curlews on Laysan Island in the Northwestern Hawaiian Islands. In conjunction with known minimum non-stop flight distance, fat content data from curlews collected at the peak of spring migration enabled us to assess the validity of several flight range estimation models. We also speculate on the existence of staging areas south of Hawaii that are probably important to curlews on their way to and from wintering sites in the South Pacific Ocean.
STUDY AREA AND METHODS
Most of the work occurred on Laysan Island (25"46' N, 171"44' W), which is a small (397 ha) coral island with a maximum elevation of 12 m. Laysan Island is part of the Northwestern Hawaiian Islands, which extend for 2,000 km beyond the main Hawaiian Islands and constitute the northern limit for wintering Bristle-thighed Curlews (Fig. 1) (Marks 1993 ). We considered after-third-year (ATY) birds to be adults based on the presence of marked, younger birds that did not migrate north in spring. Upon their arrival on Laysan in late summer, HYs had fresh plumage and incompletely grown bills and were easily identifiable as young of the year. Timing of southward migration of adults was determined by noting the presence of marked individuals during daily surveys of the island in late summer 1989. Spring migration was inferred from changes in flock size and flight behavior in 1988 and by observing actual departures of curlews in 199 1. We considered a flock to have departed when it disappeared from our view (using 9~ binoculars). Length of stay during southward migration was assessed in 1988 and 1990 by examining resightings of adults marked prior to 10 September (i.e., after the peak of southward migration). Marked adults still present after 1 October (by which time virtually all adults are molting primaries; Marks 1993) were considered to have spent the winter on the island (see below). During spring 1991, we determined whether birds that wintered far-over during migration in the Northwestern Hather south were stopping on Laysan by compar-waiian Islands. ing ratios of marked to unmarked birds before We collected three adult curlews on Laysan in and during the peak of northward migration. (Fig. 2) . At least 15 marked ATYs arrived during the first two weeks of August, and 27 more were seen between 16-23 August. The last two marked ATYs were found on 3 and 4 September, although they may have arrived earlier. Thus, the two major pulses of adult arrivals occurred in mid-July and mid-to late August (Fig. 2) . No adults were known to have arrived after the first week of September. Based on the timing of events in Alaska, the first adults to arrive at Laysan were probably failed breeders, with the successful breeders arriving after mid-August Dau 1988, McCaffery and .
With respect to migration of HYs at Laysan, we were unable to chronicle the first arrivals in 1988 because several were already there when we landed on 30 August. In 1989, the first HY was seen on 29 August. At least 3 1 were present on 2 September, including flocks of six and 14 individuals that arrived that day. In 1990, the first HY was seen on 19 August and the next on 24 August; we did not see groups of HYs until 5 September. Thus, most HYs arrived at Laysan between late August and early September. Given that at least 95% (63 of 66) of the marked ATYs seen on Laysan in 1989 were present before the arrival of the first HY, most Bristle-thighed Cur- lews undertake their first southward migration unaccompanied by adults.
SEASONAL TIMING OF NORTHWARD MIGRATION
Even though we did not actually observe curlews departing Laysan during spring 1988, marked changes in flocking behavior, and the presence of curlews at what eventually proved to be a staging site at the north end of the island, enabled us to determine when migration was occurring. Beginning on 27 April 1988, flock sizes increased substantially at a rock ledge roosting area ("South Ledge") at the south end of the island (Fig. 3) . The maximum daily count was 84 birds on 28 April and peaked at 85 and 86 birds on 5 and 6 May, respectively. Roost counts dropped significantly at the South Ledge after 7 May, ranging from 8-17 birds ( In addition to behavioral changes, premigratory fattening was very evident. Twenty-four curlews caught on Laysan from l-9 May 1988 weighed substantially more (mean = 62 1.4 g, SD = 82.8, range = 419-736 g) than 28 after-secondyear birds that we caught on Lisianski Island from 16-18 May 1988 (mean = 432.1 g, SD = 56.2, range = 335-538 g; t = 9.8, P < 0.0001, df = 50). We infer that the Laysan sample contained many adults that had fattened for migration, whereas the Lisianski sample was composed of subadults that were going to oversummer on the island. Presumably, there were no adults in the Lisianski sample because they had already migrated by the time we arrived there on 16 May.
Curlew departures from Laysan were monitored closely during 199 1. As in 1988, flock sizes at the South Ledge increased markedly during the last week of April (Fig. 3) . At the same time, curlews began flying about in small, vocal flocks. Maximum daily counts exceeded 75 curlews between 28 April and 3 May, with a peak count of 156 birds on 2 May. Curlew numbers declined significantly at the South Ledge after 5 May, with daily counts ranging from 9-33 birds ( Fig. 3 ; Mann-Whitney U = 156, P < 0.0005, n, = 12, n, = 13). Curlews first used the staging site at the north end of the island on 28 April. Maximum daily counts there ranged from 18-48 birds between 30 April and 9 May and declined to zero after 13 May (Fig. 3) .
We observed 16 migratory departures of 17 1 curlews between 1-13 May, with most (75% of departures and 9 1% of individuals) occurring during the first nine days of May (Table 1) . Although we undoubtedly missed some departures, it is unlikely that any curlews left the island before 28 April or after 15 May. Thus, in 1988 and 199 1, migratory behavior began in the last week of April, with most northward departures occurring during the first week of May. 
DAILY TIMING OF NORTHWARD DEPARTURES
liest flock departing at 09:09 and the latest at 17:29 (Table 1) . Moreover, there was no relaThere was no pattern in the daily timing of de-tionship between daily timing and date of departures; half of the flocks left before 14:00 Haparture (rs = 0.123, P > 0.50, y1 = 16). We obwaii Standard Time and half after, with the ear-served departing curlews for 4-28 min after they left the island (mean = 9.9, SD = 6.2 min). All flocks took a N or NNW heading. The birds initially formed loose clusters that became vees or echelons (see Piersma et al. 1990b:166) . Although we do not know the altitude at which curlews migrated, they appeared to be climbing when we lost sight of them.
BEHAVIOR DURING NORTHWARD DEPARTURES
Only four of the 16 departing flocks failed to stop at the staging site. These four flocks were among the last to depart the island, leaving between 9-13 May. The other flocks attended the staging site for 7-75 min (mean = 36.2, SD = 25.5 min). Larger flocks tended to remain at the staging site longer than did smaller flocks (r, = 0.7 11, P = 0.006, n = 14). Staging curlews typically roosted quietly in a loose flock, facing north towards the ocean. Occasionally the birds walked about and vocalized, but they did not forage or drink.
Departures were always preceded by increased vocalizations. Watching the flocks on the staging site, we had the impression that the birds were "restless" immediately before departure. Several times one to a few birds made false starts by flying up and calling, and then settling down if others did not follow. We triggered two departures while approaching flocks to identify colorbanded individuals. Two other departures were prompted by Black-footed Albatrosses (Diomedea nigripes) landing among curlews. Flocks departing from the staging site always circled above the island as they gained altitude. Circling flocks were extremely vocal, with birds uttering "chiueet" and "klee" calls that are characteristic of Bristle-thighed Curlews during the non-breeding season. On at least three occasions, departing birds gave "sexual display calls" that are commonly heard on the breeding grounds. Outside migration periods, display calls are given on the non-breeding grounds only during agonistic encounters (J. S. Marks, pers. observ.).
ABORTED DEPARTURES AND POSSIBLE EFFECTS OF WEATHER
We observed eight aborted departures between 2-l 3 May; each of the flocks contained a mixture of adults and subadults. In all but one case, the birds returned to the island within 10 min and never flew out of view. One flock disappeared from view for five min before returning to the staging site. Unfavorable surface winds were associated with five of the eight aborted attempts. In four cases there were steady E winds of about 50 km hr-I, and in the other there were NE winds of 40 km hr-I.
Only three of 16 departures occurred when there was no sun visible (cloud cover nearly 100%) whereas five of eight aborted departures occurred during nearly complete cloud cover (Fisher exact text, P = 0.065). Because the cloudy days on which aborted departures occurred were also windy, it was difficult to assess possible effects of cloud cover on departures. Ledge around the peak ofmigration (i.e., 28 April to 9 May) indicated that 79% (SD = 6.1, range = 70-89%) of the birds were marked (Table 3) . Moreover, 79% of the individuals in flocks stopping at the staging site were marked (Table 2) . We observed a total of 17 1 curlews departing the island. Given that about 300 curlews wintered on Laysan, and that approximately 30% of these birds were non-migratory subadults, the number of birds that we observed leaving the island was lower than the estimated number of adults wintering on the island (i.e., 2 10).
Counts conducted at Tern Island (USFWS, unpubl. data) showed that curlew numbers remained stable throughout the spring until adults departed in early May. Thus, data from Laysan and Tern islands indicate that curlews wintering in the Central and South Pacific do not stop in the Northwestern Hawaiian Islands during spring migration. Combined with the lack of turnover that we documented during autumn, we suggest that most of the curlews wintering in the Central and South Pacific overfly the Northwestern Hawaiian Islands, thus migrating large distances (~6,000 km) non-stop between their wintering and breeding grounds twice each year.
FAT CONTENT AND FLIGHT RANGE ESTIMATES
Most shorebirds accumulate fat rapidly in the month before migration (Pienkowski et al. 1979, (Table 5) . However, the Castro and Myers method would not allow birds to overfly the Northwestern Hawaiian Islands unless flight speeds were increased to about 100 km hrm' . Evenat flight speeds of75 km hrml, the Summers and Waltner and Davidson methods predicted that curlews could fly non-stop between Alaska and the Marshall Islands (6,180 km) or the northern Line islands (6,190 km) with reserves to spare (Fig. 1, Table 5 ). Indeed, Sum-mers and Waltner' s formula indicated that curlews could fly non-stop from Alaska to the central Phoenix Islands (7,160 km). (Piersma et al. 1990b) suggests that shorebirds often migrate in flocks that are larger than necessary in terms of energetic and navigational benefits. There is probably some minimum number of birds necessary for efficient long-distance migration, but there is no reason to expect that flock sizes above this minimum would decrease migration efficiency. Thus, one might expect flock sizes to be at or above some "minimally small" number. The comparatively small flock sizes that we observed probably resulted from the fact that there were fewer than 300 adult curlews on Laysan versus thousands of individuals per species in the other studies. Owing to their long, non-stop migration, Bristle-thighed Curlews might be expected to accumulate large amounts of fat relative to other shorebirds. In general, however, lipid indices are largest in small birds (Ring and Farner 1965). This tendency probably results from the fact that the power needed to lIy increases more rapidly with body size than does the power available from the flight muscles. Therefore, the capacity to carry fat generally decreases with increasing body mass (Hedenstrom and Alerstam 1992). Considering the relatively large size of Bristlethighed Curlews, the high fat stores that we measured are especially noteworthy.
DISCUSSION
Because the curlews we collected were about to depart on migration, their fat stores were at or near maximum levels. Other studies have been less precise with regard to sampling at the time of departure (Davidson 1984 ). Thus, the lower lipid indices measured in other shorebirds may be due to collecting individuals that were not fully prepared for migration. Nonetheless, in each species except the Sanderling, the maximum lipid index was below that of the Bristle-thighed Curlew. Again, this suggests that Bristle-thighed Curlews take on large fat stores relative to most other shorebirds. (Table 5) . Empirical data that would improve the accuracy of Pennycuick' s model (e.g., flight altitude and wind speed and direction) are not available for long-distance migrants (see Davidson 1984) .
Estimates derived from the Castro and Myers (1989) model gave results that were consistent with a Laysan-to-Alaska flight. However, the calculations did not account for curlews that overfly Hawaii. Although it could be argued that birds preparing for a 4,000-km flight should not take on fat stores for longer flights (Gudmundsson et al. 199 I) , it is difficult to imagine curlews taking on fat stores that, according to the Castro and Myers model, would be necessary for a flight of >6,000 km (viz., lipidindex ofabout 55%). Consequently, one must assume flight speeds of > 100 km hrl to account for curlews that overfly the Northwestern Hawaiian Islands.
Only the Summers and Waltner (1979) and Davidson (1984) Traditional staging sites are essential for the successful migration of many shorebirds that winter along continental coasts (Myers 1983) . We suggest that Bristle-thighed Curlews that overfly Hawaii also use traditional staging sites, and that these sites are critical for the migration of large numbers of curlews that winter in the South Pacific. Considering the devastating effects that humans have had on the biota of oceanic islands (Wodzicki 198 1, Loope et al. 1989 ) the identification and protection of these staging sites would be imperative for the conservation of Bristlethighed Curlew populations.
